Ctp1 (aka CtIP or Sae2) collaborates with Mre11-Rad50-Nbs1 to initiate repair of DNA double strand breaks (DSBs), but its function(s) remain enigmatic. We report that tetrameric Schizosaccharomyces pombe Ctp1 harbors multivalent DNA-binding and bridging activities. Through structural and biophysical analyses of the Ctp1 tetramer we define the salient features of Ctp1 architecture: an N-terminal interlocking tetrameric helical dimer-of-dimers (THDD) domain and a central intrinsically disordered region (IDR) linked to C-terminal "RHR" DNA interaction motifs. The THDD, IDR and RHR are required for Ctp1 DNA bridging activity in vitro and both the THDD and RHR are required for efficient DSB repair in S. pombe. Our results establish nonnucleolytic roles for Ctp1 in binding and coordination of DSB repair intermediates and suggest that ablation of human CtIP DNA binding by truncating mutations underlie the CTIP-linked Seckel and Jawad syndromes.
INTRODUCTION
DNA double strand breaks (DSBs) arising from exposure to DNA damaging agents including ionizing radiation (IR) or DNA break-inducing chemotherapeutic drugs cause genomic instability, chromosome rearrangements and carcinogenesis 1, 2 . Ctp1 (Ctp1 in fission yeast; CtIP in vertebrates and Sae2 in budding yeast) acts in conjunction with the Mre11-Rad50-Nbs1 (MRN) nuclease complex to coordinate the detection, signaling and repair of cytotoxic DSBs [3] [4] [5] [6] [7] . Together, Ctp1 and MRN initiate homologous recombination (HR)-mediated DSB repair to restore genome integrity. Ctp1 (CtIP,Sae2) -dependant orchestration of DSB repair processing occurs through cell cycle regulated modulation of Ctp1 transcript levels in fission yeast 5 or via phosphorylation of Sae2 (ref. 6) or CtIP in mammals 8 . Mutation of Ctp1 (CtIP, Sae2) or MRN subunits in budding yeast (Saccharomyces cerevisiae) and fission yeast (Schizosaccharomyces pombe) causes genotoxin sensitivity and meiotic deficiencies resulting from impaired programmed DSB processing 1, 9 . Critical genome maintenance functions of Ctp1 (CtIP, Sae2) are underscored by the facts that CtIP is a tumor suppressor in mice 10 , and human CtIP mutations are linked to the microcephaly and dwarfism Seckel and Jawad syndromes 11 . However, the reasons that Ctp1 (CtIP, Sae2) deficiencies alter biological responses remain unclear.
An early step in the onset of HR-mediated DSB repair is nucleolytic processing, which generates 3′ single strand DNA (ssDNA) tails to initiate strand invasion. Ctp1 (CtIP, Sae2) is required for resection, although there may be differences between "clean" and "dirty" DSBs [12] [13] [14] [15] . Also, Ctp1 (CtIP, Sae2) is required for removal of proteins attached to the 5′-end of DSBs [16] [17] [18] , including Topoisomerase 2 DNA-protein conjugates induced by anticancer drugs such as Etoposide 18 . This is consistent with a reported Mg 2+ -dependent endonuclease activity of Sae2 (ref. 19 ) and its role in processing hairpin-capped DSBs in vivo 20 . DSB repair also requires structural DNA scaffolding for coordination of DSB processing intermediates. Intriguingly, Sae2 facilitates coincident "two-ended" DSB resection of IRinduced DSBs 13 . Thus, Ctp1 (CtIP,Sae2) might coordinate DNA intermediates as well. However, Ctp1 (CtIP, Sae2) bears no apparent nuclease or DNA interaction domains, and the molecular basis for Ctp1 (CtIP,Sae2) -regulated DNA transactions are currently unknown.
We set out to better define Ctp1 (CtIP,Sae2) molecular architecture and function as our understanding of Ctp1 CtIP/Sae2 structure remains limited. Nbs1 recruits phosphorylated Ctp1 to DSBs via binding of the Nbs1 FHA domain to a Ctp1 SXT motifs (Ctp1 residues 74-94) 4, 21 . The crystal structure of an Nbs1-Ctp1 phosphoprotein recognition element, chromatin immunoprecipitation (ChIP) and biophysical analyses suggested that Ctp1 tethering to a flexible Nbs1 arm restricts Ctp1 (CtIP, Sae2) activities to the immediate vicinity of DSBs 4 . Outside of Nbs1-interacting SXT motifs, additional conserved Ctp1 (CtIP, Sae2) regions map to its extreme N-and C-termini 4, 5 . The N-terminal region has a predicted coiled-coil structure and mediates self-interaction in Ctp1 (ref. 5) and CtIP 22 . A third region of high homology is a C-terminal CxxC-RHR motif of poorly understood function. Here, we report an integrated structural, biophysical and genetic study of S. pombe Ctp1. Our collective results illuminates novel functional roles for Ctp1 as a flexible, DNA sensing and scaffolding factor in DSB repair.
and mapped structured domains with limited trypsin proteolysis (Fig. 1c) . Purified recombinant Ctp1 migrated aberrantly in SDS-PAGE (> 38 kDa , predicted MW of 33.1 kDa) (Fig. 1b) , a hallmark of intrinsically disordered proteins (IDPs) 26 . Consistent with protein disorder predictions, Ctp1 was highly susceptible to limited proteolytic cleavage, but contains a trypsin-resilient N-terminal core domain (residues 9-57) (Fig. 1c) .
Analysis of Ctp1 molecular mass using size-exclusion chromatography with multi-angle light scattering (SEC-MALS) showed Ctp1 is predominantly tetrameric (SEC-MALS molecular mass = 129.1 kDa, Ctp1 monomer mass = 33.1 kDa) in solution (Fig. 1d , Table  1 ). Small angle X-ray scattering (SAXS) analysis revealed the Ctp1 tetramer is a highly elongated molecule with a maximum particle dimension (D max ) of 260 Å (Fig. 1e,  Supplementary Fig.1 ). SAXS and SEC-MALS data are consistent with Ctp1 containing extended regions of low structural complexity. Similarly, circular dichroism (CD) measurements of Ctp1 exhibited low abundance of α or β secondary structure ( Fig. 1f and Supplementary Table 1) . A Ctp1 61-294 fragment encompassing the predicted disordered region had limited secondary structure as analyzed by CD. In contrast, an amino-terminal fragment Ctp 1-60 has ~89 % alpha-helical content by CD (Fig. 1f, Supplementary Table 1 ), consistent with predictions that the Ctp1 N-terminus contains coiled-coil structure 5, 22 .
Both Ctp1 and its maltose binding protein (MBP) fusion equivalent (MBP-Ctp1 ) are tetrameric, indicating that Ctp1 1-60 harbors minimal determinants of Ctp1 oligomerization (Fig. 1d, Table 1 ). However, despite having ~50 % larger MALS molecular mass than Ctp1 (Table 1) , MBP-Ctp1 1-60 migrated as an apparently smaller species in SEC ( Fig. 1d) and had a decreased SAXS maximum particle dimension (D max = 140 Å) as compared to Ctp1 (D max = 260 Å). This data highlights the large hydrodynamic radius of the intrinsically disordered Ctp1 C-terminus. Thus, altogether the SAXS, SEC-MALS, CD, in silico order predictions and limited proteolytic analyses reveal Ctp1 is largely an IDP, but bears a folded tetramerization core domain at its N-terminus.
Structural basis for Ctp1 tetramerization
To establish the molecular basis for Ctp1 tetramerization we crystallized and determined the X-ray crystal structure of Ctp1 5-60 to 2.20 Å resolution (Table 2, Supplementary Figs. 2,3) . The structure was phased with a brute force molecular replacement strategy using 16 coiledcoil models as search templates in 1276 molecular replacement trials. Search models included monomer, dimer, trimer and tetrameric coiled-coils (see Online Methods).
The Ctp1 N-terminal domain assembles as an interlocked tetrameric helical dimer of coiledcoil dimers, hereafter referred to as the THDD domain (Fig. 2a) . Each Ctp1 monomer participates in a dimeric two-stranded parallel coiled-coil interaction bounded by residues 28-60. Two parallel coiled-coils engage one another via a 4-helix bundle at the Ctp1 Nterminus (residues [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Within the tetramer, each coiled-coil dimer is oriented ~180° relative to the opposing dimer, creating an overall extended scaffold ~ 120 Å long.
The interlocked Ctp1 tetramer is unlike other coiled-coils previously characterized. Residues 27-60 of Ctp1 adopt a canonical coiled-coil heptad repeat with hydrophobic side chains occupying "a" and "d" positions of an "a" → "g" heptad repeat (Fig. 2b, Supplementary Fig. 2b ). The exception is the 3 rd -4 th Ctp1 heptads, which participate in charged "a" → "d" position inter-chain salt bridging networks involving Glu40 and Arg44. At the dimer-totetramer transition (Tyr26), the coiled-coil repeat is interrupted by a bulky aromatic substitution at the "d"-position. Here, splaying of the dimeric coiled-coil facilitates tetramerization by an array of hydrophobic side chains at the N-terminus of helix α1. Seven residues (W12, V15, Y16, L19, L22, L23 and Y26) form the core of the N-terminal tetrameric interface, burying ~2900 Å 2 of solvent accessible surface area. The four intertwined helices resemble two linked fishhooks with Trp12 and Tyr16 making up the "aromatic-hook". Glu27 and His11 mediate additional inter-subunit salt-bridging contacts across the interface, thereby reinforcing the tetramer.
To test if the Ctp1 N-terminus is critical for Ctp1 tetramerization, we generated a deletion mutation (ΔN14, Ctp1 ), removing the first helical turn of α1 but retaining the Ctp1 dimeric coiled-coil region (residues 27-57). Consistent with predictions from the X-ray structure, MBP-Ctp1 15-60 is dimeric (Fig. 1d, Table 1 ). By comparison, deletion of the Nterminal 60 residues of Ctp1 encompassing the THDD (Ctp1 61-294 ) yielded a monomeric protein ( Supplementary Fig. 4a ). SAXS analysis of MBP-Ctp1 15-60 further affirmed observations from SEC-MALS, demonstrating the decreased size of MBP-Ctp1 (D max = 115 Å), compared to MBP-Ctp1 1-60 (D max = 140 Å). To validate roles for the aromatic-hook in mediating Ctp1 oligomerization, we generated a triple mutant (H11A W12A Y16A) that disrupts key inter-subunit tetramer contacts. Ctp1 (H11A W12A Y16A) also exhibited defective oligomerization ( Supplementary Fig. 4b ).
Thus, structural and mutational studies reveal the Ctp1 N-terminus assembles as a tetrameric helical dimer of dimers. We note two additional interfaces observed in the crystal lattice that may mediate alternative Ctp1 tetramerization interfaces. However, these interfaces do not employ the conserved N-terminal 16 residues of the protein that are required for stable oligomerization, which likely form during crystallization.
Ctp1 is a DNA binding factor
Proteins with extended regions of intrinsic disorder can act as flexible macromolecular interaction hubs 25 . Such is the case for Nbs1 that binds phosphorylated Ctp1, Mre11 and ATM(Tel1) 4, 21, 27, 28 . Architecturally, the arrangement of the Ctp1 THDD suggests the tetrameric N-terminal bridge links binding events in the Ctp1 carboxyl-terminus. Given the central role of Ctp1 in HR DSB repair 4, 5, 29 , we reasoned that Ctp1 harbors intrinsic DNA binding activities. S. pombe Ctp1 is required for survival of agents causing dirty or random DSBs (e.g. IR) and replication fork stalling or collapse (e.g. Camptothecin, CPT) 4, 5 . Thus, we evaluated the ability of full-length Ctp1 and Ctp1 truncation or deletion mutants to bind to variable DNA structures (Fig. 3a,b, Supplementary Fig. 5a, Supplementary Tables 2,3 ).
Electrophoretic mobility shift assays (EMSAs) showed Ctp1 binds double-stranded DNA (dsDNA), ssDNA, and ssDNA-dsDNA junction substrates (Fig. 3b) . Ctp1 favored binding to DNA forks and exhibited a preference for branched DNAs containing dsDNA-ssDNA junctions over dsDNA or ssDNA alone ( Supplementary Fig. 5a ). In addition to a preference for DNA secondary structures, Ctp1 displayed a preference for DNA length. Ctp1 titration on a 10 bp ladder revealed stable dsDNA binding for fragments greater than 40-50 bp (Supplementary Fig. 5b ) but not for fragments < 20-30 bp. Thus, Ctp1 harbors structurespecific DNA binding. Notably, under conditions where Ctp1 is bound to DNA, in the presence of Mg 2+ and ATP we did not observe nucleolytic activity, even at elevated enzyme concentrations (1.0 µM), suggesting that unlike Sae2 (ref. 19 ) purified recombinant S. pombe Ctp1 is not a nuclease, at least under the conditions examined here (Fig. 3c ).
To map Ctp1-DNA interaction determinants, we expressed and purified Ctp1 truncations and internal deletions and evaluated their DNA-binding activities (Fig. 3a, Supplementary  Fig. 5c ). In isolation, the N-and C-terminal Ctp1 halves, (residues 1-150 and 151-294), displayed no appreciable binding to a 39 bp dsDNA substrate, even at 1.0 µM concentration where Ctp1 is > 90% bound ( Supplementary Fig. 5d ). To evaluate DNA-binding roles for the internal unstructured region of the protein, we engineered a series of internal deletions removing regions of predicted disorder (Fig. 3a, Supplementary Fig. 5e ). In contrast to Nand C-terminal deletions, excision of large portions of the Ctp1 central IDR (e.g. Ctp1 Δ60-120 , Supplementary Fig. 5e , lanes 10-12) did not ablate dsDNA binding in vitro.
We hypothesized that DNA-binding elements localize to the most evolutionary conserved regions of the divergent Ctp1 orthologs, the N-terminal tetramerization ( Fig. 2 ) and Cterminal CxxC-RHR homology regions. Consistent with this hypothesis, we observed weak sub-micromolar DNA binding by the isolated THDD (Ctp1 1-60 ), suggesting this region of Ctp1 contributes to Ctp1-DNA binding (Fig. 3d) . A monomeric construct ( Supplementary  Fig. 4a ) of the Ctp1 C-terminus encompassing the IDR and conserved CxxC-RHR (amino acids 61-294) region also bound DNA (K d = 1.4µM dsDNA, 1.0 µM, forked substrate) (Fig.  3e ). Given tetramerization of the N-terminal THDD domain scaffold, the N-and C-terminal Ctp1 DNA binding interactions likely contribute to high-affinity DNA interactions through avidity by linking multiple low-affinity DNA binding sites within the intact tetrameric Ctp1.
THDD and C-terminal RHR DNA binding motifs
To further interrogate Ctp1 DNA interactions, we mapped Ctp1 electrostatics and sequence conservation onto the THDD structure (Fig. 4a,b) . A prominent positively charged surface marks a region of high sequence conservation (Fig. 4b ). This includes a "KKxR" motif (residues 41-44 in S. pombe Ctp1) that is highly conserved between fission yeast Ctp1 and vertebrate CtIP. Arg32 in S. pombe Ctp1 abuts the KKxR and extends this putative electropositive DNA binding surface. Although Arg32 is not conserved in vertebrate CtIP, a conserved lysine residue in vertebrate CtIP (at the position of Gln36 in S. pombe Ctp1) would be located in a topologically related position on the coiled-coil surface. To test functional roles for the Ctp1 coiled-coil surface in DNA binding, we targeted the basic surface patches by mutagenesis either individually (R32A and K41A) or in combination (R32A K41A) and evaluated DNA-binding of purified recombinant Ctp1 mutants (Fig. 4c , Supplementary Figs. 6,7 ). Whilst the single mutants retained DNA-binding activity, an R32A K41A mutation ablated Ctp1-DNA binding in vitro (Fig. 4c) . Importantly, the R32A K41A substitution did not disrupt Ctp1 tetramerization ( Supplementary Fig. 4a ). Thus, collectively our data support a model wherein direct DNA interactions mediated by the THDD are important for Ctp1 DNA-binding function.
Next, to pinpoint determinants of Ctp1 DNA-binding activity in the evolutionary conserved C-terminal CxxC-RHR region (Fig. 4d) , we conducted comprehensive alanine scanning mutagenesis of the Ctp1 carboxyl terminus (Fig. 4e, Supplementary Fig. 6 ). Of 23 mutants evaluated, 5 mutants affecting positively charged residues (K219A, K231A, R273A, R275A, and K276A) ablated Ctp1-binding to a 54 bp dsDNA at a concentration of 200 nM mutant Ctp1. The mutations R273A and R275A directly targeted the "RHR" motif. Alanine substitution of the internal histidine (H274) of the RHR-motif also conferred a weak dsDNA-binding defect ( Supplementary Fig. 7 compare lanes 1-7 and 15-21). Thus, we conclude the conserved C-terminal RHR motif is a critical Ctp1 DNA-binding determinant.
Ctp1 is a DNA bridging factor
In the context of a Ctp1 tetramer, our structural and mutagenesis data indicates Ctp1 bears at least eight DNA interaction interfaces. What functions do multivalent Ctp1-DNA interactions serve? We observed that titration of Ctp1 on dsDNA super-shifts DNA-bound complexes in EMSAs (Fig. 3) . These EMSA super-shifts may reflect the assembly of multiple Ctp1 tetramers onto DNA and/or Ctp1-dependant bridging of DNA termini, a property shared with the MRN core complex [30] [31] [32] . Given the roles for Ctp1 in early DSB repair processing, we reasoned that multivalent Ctp1 DNA-binding acts to bridge and coordinate strand break intermediates.
We adapted a magnetic bead DNA bridging assay 33 for Ctp1, and evaluated the ability of recombinant Ctp1 variants to bridge different DNA structures to a resin-immobilized 1.0 kb dsDNA target (Fig. 5a , Online methods). Ctp1 bridged linearized 2.7 kb plasmid DNA (Fig.  5b) or 500 bp linear dsDNA (Fig. 5c ) based on Ctp1-dependant recovery in a DNA-tethering pull down. Ctp1 also bridged both nicked and relaxed plasmid DNA substrates (Fig. 5b) . Given that Ctp1 preferentially binds to abnormal structures at DNA ends ( Supplementary  Fig. 5a ), these combined results indicate that Ctp1 can interact with both DNA ends and intact dsDNA. Neither the Ctp1 1-60 THDD domain nor the monomeric Ctp1 61-294 Cterminus alone tethered DNA (Fig. 5c) . Similarly, Ctp1 point mutations that impaired DNA binding also lacked tethering abilities (Fig. 5d ).
Next, we tested roles for the IDR in facilitating DNA-bridging activity. Neither the 20-residue IDR deletion Ctp1 Δ100-120 nor Ctp1 Δ60-80 , which encompasses the Nbs1-interacting region 4 , had an impact on bridging. However, the larger 40-60 residue deletion variants, Ctp1 Δ60-100 , Ctp1 Δ80-120 and Ctp1 Δ60-120 , all impaired tethering of a 500 bp dsDNA to the 1.0 kb resin bound DNA target (Fig. 5e) . As the Ctp1 Δ60-100 , Ctp1 Δ80-120 , and Ctp1 Δ60-120 mutants had comparatively modest effects on dsDNA binding ( Supplementary Fig. 5e ), an intact IDR appears important for tethering, but not dsDNA binding. Thus, overall Ctp1 architecture appears suitable for orchestrating strand break coordination events (e.g. DNA tethering), and the Ctp1 THDD, IDR and RHR domains are all required for Ctp1 DNA bridging activity in vitro. Based on the requirement for the IDR and RHR for DNA bridging, we hypothesize that Ctp1 coordination of two DNA molecules requires a flexible reach imparted by the IDR, along with direct protein-DNA interactions of both the THDD and RHR. In principal, Ctp1 DNA-bridging interactions may involve any number of combinations of DNA-binding surfaces within a Ctp1 tetramer (Fig. 5f ).
THDD and RHR mutations impair DSB Repair
To assess the roles for Ctp1 DNA interaction motifs on DSB repair in vivo, we constructed Ctp1 mutants and monitored cellular growth in the presence or absence of genotoxins (Fig.  6) . We replaced the genomic copy of ctp1 with ctp1 + , which encodes a C-terminal 5×-Flag epitope-tagged Ctp1 protein (Supplementary Table 4 ). There was no apparent difference in survival between the ctp1 + and the untagged ctp1 strains. Based on immunoblotting, the mutant proteins were present at levels similar to wild type Ctp1 (Fig. 6c) .
Strains with single amino acid substitutions in the Ctp1 THDD DNA-binding interface (R32A or K41A) were insensitive to all genotoxin treatments and exhibited normal growth. In contrast, a complete deletion of the THDD (ctp1-ΔN60) or the THDD double mutation R32A K41A strain mirrored ctp1Δ phenotypes. In the absence of exogenous DNA damage, these phenotypes included elongated cellular morphology, slow growth, and an increased frequency of spontaneous Rad22 Rad52 foci (Fig. 6a,b) . These phenotypes result from deficient repair of spontaneous DNA damage that leads to DNA damage checkpoint activation and cell death 4, 5, 29 . Furthermore, like the ctp1Δ knockout strain, R32A K41A and ctp1-ΔN60 strains were profoundly sensitive to all genotoxins tested (Fig. 6d,f ) including 1) UV irradiation, which generates DNA photoproducts that may be converted to DSBs, 2) CPT, a Top1 inhibitor that causes replication fork breakage when the replisome collides with Top1-CPT covalent complexes 34, 35 , 3) the radiomimetic drug phleomycin, which generates DSBs with damaged DNA termini 36 , and 4) IR. Strains with disruption of the RHR motif (R273A, H274A and R275A) all displayed intermediate phenotypes between ctp1 + and ctp1Δ (Fig. 6e) , with R273A displaying the least sensitivity to clastogens. Variability in the RHR motif mutant phenotypes may reflect that additional factors (e.g. DNA binding by the Ctp1 binding partner MRN) differentially compensate for Ctp1 DNA binding defects in cells.
The genotoxin sensitivity suggests that the Ctp1 THDD and RHR motif variants are defective in DNA DSB repair. To directly assess impacts of Ctp1 mutations on chromosomal DSB repair, we exposed cells to 200 Gy IR and returned them to growth in rich medium to monitor repair of IR-induced DSBs by pulse field gel electrophoresis (PFGE) (Fig. 7a) . In wildtype (ctp1 + ) cells, DSB repair resulted in reconstitution of fulllength chromosomes within two hours. In stark contrast, no reconstituted chromosomes were detected in ctp1Δ, R32A K41A, or even H274A strains following a 4-hour recovery after IR exposure. Altogether, these results implicate critical roles for Ctp1 DNA-protein interaction interfaces in determining Ctp1 DSB repair functions in S. pombe.
Published work has established that fission yeast Ctp1 is required for HR repair, but not for non-homologous end joining (NHEJ) 5 . To examine whether the Ctp1 THDD and RHR mutants are defective in 5′ to 3′ resection in HR repair, we genetically tested whether Exo1 can compensate for Ctp1 mutation. Exo1 is a 5′-3′ exonuclease that can partially substitute for the Mre11 nuclease and Ctp1 when relieved of inhibition by the Ku70-Ku80 complex 5 . The phenotypes of a ctp1Δ strain can be partially suppressed by deletion of the gene encoding Ku80 from the Ku70-Ku80 DNA end-binding complex that promotes NHEJ and protects DNA ends from the 5′ to 3′ resection activity of Exo1 (refs. 5,14) . Similarly, a pku80Δ mutation suppresses the slow growth phenotypes, IR and phleomycin-sensitivities of all ctp1 mutant cells analyzed here including ctp1Δ, ctp1-R32A K41A, ctp1-R275A, and ctp1-ΔN60 (Fig. 7b) . Furthermore, this suppression is dependent on Exo1 as the genotoxinsensitivity of the triple mutants (ctp1-R32A K41A pku80Δ exo1Δ, ctp1-R275A pku80Δ exo1Δ, ctp1-R32A K41A pku80Δ exo1Δ, and ctp1-ΔN60 pku80Δ exo1Δ) was exacerbated compared to the exo1 + strains. Thus, elimination of Ku80 leads to substantial suppression of Ctp1 THDD and RHR mutants by a mechanism that requires the Exo1 5′-3′ nuclease. From these results, we conclude that the phenotypes of Ctp1 THDD and RHR mutants are largely attributable to an inability to properly resect DSBs. In this context, structure-specific Ctp1 DNA binding may act to promote HR by displacing Ku70-Ku80 from DNA, thereby blocking the Ku70-Ku80 complex from initiating NHEJ 14 . This idea is consistent with genetic data and ChIP experiments demonstrating that Ctp1 is required for Ku70-Ku80 eviction from DSB ends 14 .
DISCUSSION
Our combined structure-function studies of S. pombe Ctp1 establish novel roles for a flexible tetrameric Ctp1 DNA-tethering scaffold in the binding and coordination of DSB repair intermediates. The N-terminal interlocked Ctp1 THDD facilitates these activities and is unlike other coiled-coil interfaces previously identified. Oligomerization appears to be a conserved primordial feature of all characterized Ctp1 homologs 22, 37, 38 . Consistent with our structure-activity studies showing that the Ctp1 THDD is essential for DNA interactions and DSB repair, the S. cerevisiae Sae2 variant L25P also impacts the THDD, impairs Sae2 selfinteraction, Sae2-dependant hairpin processing and spore viability 37 . Similarly, mutations within the predicted human CtIP THDD also impair CtIP DSB recruitment and microhomology-mediated DSB repair in U20S cells 38 . Sae2 has also been reported to cleave hairpin DNA substrates in vitro 19 , but this activity has recently been disputed 39 . We do not detect intrinsic nucleolytic activity for S. pombe Ctp1, even at elevated protein concentrations (Fig. 3c) . Recombinant human CtIP also lacks nuclease activity 7, 40 . Thus our data are consistent with non-nucleolytic DNA-binding and tethering functions for the Ctp1 tetramer.
The physical attributes of the flexible Ctp1 architecture exhibit hallmarks of a macromolecular interaction hub 25 , consistent with roles for Ctp1 homologs as integrators of cell cycle signaling to dictate DSB repair pathway choice 5, 6, 8, 41 . Current data and published work 4, 21 indicates four features that define Ctp1 molecular structure: 1) an N-terminal DNA-binding THDD tetrameric core (residues 1-60), 2) the Nbs1-binding phosphorylated Ctp1 SXT motifs 4, 21 (residues 74-94), 3) a central region of low sequence complexity and intrinsic disorder, and 4) the conserved DNA binding carboxyl-terminal CxxC-RHR region (Fig. 8) . Establishing that Ctp1 binds and tethers DNA further reconciles roles for Ctp1 in DNA end processing pathways. Rather than acting as a nuclease, Ctp1 DNA binding and bridging may alternatively modulate the intrinsic nucleolytic activity of a flexibly linked MRN-DNA processing complex. In support of this notion, recent data have demonstrated that S. cerevisiae Sae2 promotes dsDNA endonucleolytic cleavage by MRN proximal to DSB ends 39 , and Sae2 is required for the coordinated DSB resection of IR-generated "dirty" DSBs 13 . Flexible associations of Ctp1 with both DNA and Nbs1 may coordinate the two DNA substrates undergoing nuclease processing. Notably, it is also well established that Mre11-Rad50 (MR) core complex can also bridge DNA [30] [31] [32] [42] [43] [44] . Although the precise roles for alternative DNA tethering activities within the MRN-Ctp1 complex needs to be established in future work , we hypothesize that alternate means for coordinating DNA substrates might be required initially during a DSB sensing event (e.g. MR mediated bridging) and then subsequently to facilitate DSB processing (e.g. Ctp1-mediated tethering).
Ctp1-DNA interactions are multivalent. Altogether our observations indicate that the THDD and RHR DNA-binding regions are both critical for Ctp1 function in DSB repair. Weak individual DNA interaction regions with apparent affinities in the micromolar range dictate the high overall affinity of Ctp1-DNA interactions. Such interactions are well suited for driving rapid structural transitions within the context of the MRN core DNA processing machinery. Indeed, blocking any single one of the Ctp1-DNA interfaces impairs Ctp1-DNA interactions in vitro, and has severe consequences for DSB repair at the organismal level in S. pombe (Figs. 6, 7) . Intriguingly, two truncating mutations have been mapped in human CtIP that correspond to deletion of the RHR region 11 . Thus, loss of human CtIP DNA binding activity by nonsense mutation may underlie the CTIP-linked pathology in Seckel and Jawad syndromes 11 .
Online Methods

Ctp1 expression and purification
All Ctp1 proteins were expressed at 15°C in Escherichia coli Rosetta2 (DE3) (Novagen). Ctp1 point mutations were introduced with Quikchange Mutagenesis (Agilent Technologies) into pGEX-6P-1-Ctp1 1-294 . Ctp1 1-294 , Ctp1 , and Ctp1 1-60 were expressed as GSTtagged proteins from pGEX-6P-1 (GE Healthcare) in Terrific Broth. Following cell lysis by sonication in lysis buffer (20 mM Tris pH 7.5, 0.1% β-mercaptoethanol, 1 M NaCl, 0.1 mg ml −1 lysozyme and EDTA-free Complete protease inhibitor cocktail tablet, Roche), GSTfusion proteins were affinity purified on Glutathione Sepharose 4 Fast Flow resin (GE Healthcare). For GST-Ctp1 1-150 and GST-Ctp1 1-294 , the GST-tags were removed by onresin PreScission Protease digestion, whereas Ctp1 1-60 was eluted with lysis buffer plus 20 mM reduced glutathione, and subsequently cleaved.
Ctp1 , Ctp1 61-294 , Ctp1 151-294 were expressed and purified as 6×His-tagged fusions from pMCSG7 (ref. 45 ). Ctp1 IDR internal deletions were generated as codon optimized synthetic genes (GenScript) and expressed and purified as 6×His-tagged fusions from pMCSG7 (ref. 45 ). Ctp1 206-294 was expressed as 6×His-tagged protein from pET-15b (Novagen). All 6×His-tagged proteins were affinity purified on HisPur Ni-NTA resin (Thermo Scientific) and eluted in lysis buffer plus 250 mM imidazole, followed by His-tag removal by TEV protease (pMCSG7 expressed proteins) or Thrombin protease (SigmaAldrich) (pET-15b expressed protein) digestion.
MBP-Ctp1 15-60 and MBP-Ctp1 1-60 were expressed as MBP-fusions in the pMALX vector. MBP-tagged proteins were affinity purified on amylose resin (New England Biolabs) and eluted in lysis buffer plus 40 mM maltose. For crystallization, a Ctp1 5-60 -L51M mutant was cloned and expressed as a Histidine-MBP-tagged fusion from pMCSG9 (ref. 45 ). This mutation was introduced to enable Se-Met phasing and improved crystal quality.
Following affinity purification (above), Ctp1 proteins were additionally purified by combinations of size-exclusion chromatography on a 16/60 S-200 column (GE Healthcare) in size-exclusion column buffer (50 mM Tris pH 7.5, 0.1% β-mercaptoethanol, and 500 mM NaCl), anion exchange chromatography on a HiTrap Q HP column (GE Healthcare), and fractionation on a HiTrap Heparin HP column (GE Healthcare). All proteins were exchanged into storage buffer (20 mM Tris pH 7.5, 0.1 mM Tris(2-carboxyethyl)phosphine (TCEP), 50 mM NaCl and 10% glycerol). Uncropped gels are available in Supplementary Data Set 1.
Ctp1 Trypsinolysis
Purified Ctp1 was digested with 10 µg ml −1 trypsin for 30 minutes at 4°C, prior to quenching with 1 mM phenylmethylsulfonyl fluoride and analysis by SDS-PAGE. The Protein Microcharacterization Core Facility at NIEHS performed protein identification and mass analysis. Uncropped gels are available in Supplementary Data Set 1.
Circular Dichroism (CD) analysis
For CD analysis 0.1 mg ml −1 Ctp1 variants were buffer exchanged into 20 mM sodium phosphate pH 7.5 and 0.1 mM TCEP. CD data were collected on a Jasco J-810 Spectropolarimeter (Jasco Inc.) at 25°C and analyzed using the Selcon3 algorithm 46,47 on the Dichroweb Server 48 .
Small angle X-ray scattering (SAXS)
SAXS data were collected at SIBYLS beamline 12.3.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory. For SAXS studies, Ctp1 variants were buffer exchanged into SAXS buffer (20 mM Tris pH 7.5, 50 mM NaCl, 1 mM TCEP, 5% glycerol). SAXS data collection was performed at 0.5, 1, and 1.5 mg ml −1 for Ctp1 FL, and 2.5, 5.0 and 10.0 mg ml −1 for MBP-Ctp1 1-60 and MBP-Ctp1 . SAXS data were analyzed as described previously 4 using the ATSAS suite of SAXS data analysis tools (http://www.embl-hamburg.de/biosaxs/software.html).
Size-exclusion chromatography with multi-angle light scattering (SEC-MALS)
For SEC-MALS analysis, MBP-Ctp1 1-60 or MBP-Ctp1 15-60 proteins in buffer A (25 mM Tris pH 7.5, 200 mM NaCl, 5 mM maltose) or Ctp1 and Ctp1 1-60 proteins in buffer B (50 mM Tris pH 7.5, 500 mM NaCl, 0.1% β-mercaptoethanol) or Ctp1 61-294 and Ctp1 R32A K41A in buffer C (25 mM Tris pH 7.5, 200 mM NaCl, 0.1% β-mercaptoethanol) at 2-20 mg ml −1 , were run on a Superdex 200 10/300 GL column (GE Healthcare) fit inline with a miniDAWN TREOS light scattering diode array and an Optilab rex differential refractive index detector (Wyatt Technology). Data were analyzed with ASTRA 5.3.4.14 (Wyatt Technology).
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Crystallization of Ctp1
For crystallization, a Ctp1 5-60 -L51M mutant was cloned and expressed with a Histidine-MBP fusion in pMCSG9. This mutation was introduced to enable Se-Met phasing and improve crystal quality, however Se-Met phasing was not required due to a successful molecular replacement solution. Ctp1 5-60 -L51M crystals were grown at 20°C by hangingdrop vapor diffusion by mixing 2 µL protein solution (1 mg ml −1 Ctp1 5-60 in storage buffer), 2 µL precipitant A (0.2 M sodium acetate, 0.1 M Tris pH 8.5, 16% PEG 4000) and 0.4 µL of 0.1 M barium chloride dihydrate. To alter drop equilibration rates, and increase crystal size, 53 µL of 3 M NaCl was added to 800 µL of precipitant A in the well. Cells were cryo-protected by slow soaking in precipitant A supplemented with 25% ethylene glycol.
X-ray diffraction data collection, phasing and refinement
X-ray data ( Table 2 ) was collected at 105 K on beamline 22-ID of the Advanced Photon Source at a wavelength of 1.000 Å. X-ray diffraction data were processed and scaled using the HKL2000 suite 49 . An array of 2-helix, 3-helix, and 4-helix coiled-coil bundle containing structures were mined from the RCSB Protein Data Bank and used in molecular replacement trials in PHASER 50 . A successful molecular replacement hit (PHASER TFZ=8.8, LLG=249) was obtained using 3 copies of a 37-residue parallel dimeric coiled-coil of Geminin (PDB entry 1T6F) 51 . Following refinement of a poly-alanine model of this MR solution, model building was guided by clear sigma-A weighted Fo-Fc and 2Fo-Fc difference electron density ( Supplementary Fig. 3) showing positions of missing coil regions and side chains. Iterative model building and refinement in Refmac 52, 53 and Coot 54 yielded difference electron density that allowed for unambiguous fitting of two Ctp1 tetramers (8 chains) in the monoclinic P2 1 crystallographic asymmetric unit. Phases and experimental electron density maps were improved by density modification in RESOLVE 55, 56 . Subsequent iterative rounds of model building and refinement were carried out with PHENIX 55 and Coot 54 . The final model displays excellent geometry. Ramachandran statistics: 99.0 % favored, 0.0 % outliers.
Preparation of oligonucleotide substrates
Oligonucleotide substrates and construction are summarized in Supplementary Tables 2-3 . DNA substrates were purchased from Integrated DNA Technologies, and annealed by heating to 70°C followed by slow cooling to room temperature. Oligo 39bpf was purified by polyacrylamide gel electrophoresis prior to annealing. Oligonucleotides single-stranded, double-stranded, DNA bubble, 3′-overhang, 3′-flap, 5′-flap and fork were purified by analytical size-exclusion chromatography.
DNA binding assays
For assays involving 6-FAM labeled DNA substrates, purified Ctp1 proteins were incubated with 10 nM DNA substrate in 1X reaction buffer (20 mM Tris pH 7.5, 25 mM NaCl, 0.1 mM DTT, 10 µg ml −1 bovine serum albumin, 0.5% glycerol), for 20 minutes at 20°C. Assays examining mutants of the C-terminus (Fig. 4e ) used 200 nM protein in each reaction.
Reactions were resolved on Native PAGE 4-20% gradient TBE gels (Invitrogen) on ice and imaged using a Typhoon 9000 imager (GE Healthcare). For Ctp1 binding a 10 bp DNA ladder ( Supplementary Fig.5b ), purified Ctp1 was incubated with 1 µg µl −1 of a 10bp DNA ladder (Invitrogen), in 1X reaction buffer for 20 minutes at room temperature. Reactions were resolved on a 3% TBE agarose gel. Uncropped gels are available in Supplementary Data Set 1.
For quantitative DNA binding studies ( Supplementary Fig. 5a ), DNA binding and gel electrophoresis were carried out at 4°C. DNA binding experiments (n=3 for each DNA substrate) were analyzed using ImageJ (http://imagej.nih.gov/ij/). Dissociation constants were calculated using one-site specific binding with hill slope in GraphPad Prism 6.0a (GraphPad Software, Inc.).
DNA nuclease assay
Ctp1 nuclease activity on a hairpin substrate was carried out under the same reaction conditions as the DNA binding assays, with the addition of 0.5 mM ATP and 5 mM MgCl 2 to the 1X reaction buffer. Reactions were resolved on a 15% TBE-Urea gel (Invitrogen). Uncropped gels are available in Supplementary Data Set 1.
DNA bridging assays
Biotinylated 1000 bp oligonucleotide substrates for the bridging assays were prepared as previously described 33 . Nicked plasmid bridging substrate was a modified pUC-19 plasmid (courtesy of Dr. M. Junop), containing an Nb.BbvCI restriction site to generate nicked plasmid. Relaxed circular pHOT-1 plasmid DNA is commercially available (TopoGEN). Supercoiled pHOT-1 was linearized using restriction enzymes indicated in Fig. 5b and gelpurified for bridging assays. For DNA bridging assays, 10 µL of Dynabeads M-280 Streptavidin (Invitrogen) were washed three times in bind buffer (20 mM Tris pH 7.5, 50 mM KCl, 5 mM EDTA, 1 mM DL-Dithiothreitol, 5% glycerol, 40 µg ml −1 bovine serum albumin) prior to incubation with 200 ng of the biotinylated 1000 bp DNA substrate for 15 minutes at room temperature. Beads were collected by magnet for 3 minutes, washed three times with bind buffer and resuspended in 10 µL bind buffer. 200 ng of the 500 bp DNA substrate, the indicated amount of Ctp1 protein variants, and bind buffer was added to total 40 µL and incubated for 30 minutes at 20°C. Beads were then collected by magnet for 3 minutes, washed twice with bind buffer and once with bind buffer lacking bovine serum albumin, before resuspension in 20 µL bind buffer minus bovine serum albumin. Ctp1 was removed from the reaction by adding 10 µg µl −1 Proteinase K and 0.5% SDS for 30 minutes at 65°C. Beads were then collected by magnet for 3 minutes and the supernatant removed and resolved by 1% TBE agarose gel electrophoresis. Uncropped gels are available in Supplementary Data Set 1.
Strain construction
Methods and growth media for S. pombe genetics were carried out using standard methods 57 . All strains used in this study are listed in Supplementary Table 4 . Site-directed mutagenesis was performed using Quikchange Mutagenesis (Agilent). Strains were constructed as previously described 4, 30 , except ctp1 + and mutant derivatives were engineered by PCR to have a C-terminal 5×Flag-tag. Gene replacements were confirmed by PCR, and sequencing was used to verify the presence of the correct point mutation(s).
Immunoblotting
Whole-cell extracts were prepared from 10 mL of mid-log phase cells lysed with 6.5% β-mercaptoethanol and 1.9 M sodium hydroxide. After a 10 minute incubation, 175 µL of 100% TCA was added, followed by a second 10 minute cold incubation. 58 . Uncropped blots are available in Supplementary Data Set 1.
Clastogen sensitivity assays
Mid-log phase cell cultures grown in YES were serially diluted 10-fold and spotted onto YES agar plates containing clastogens as labeled in Figs. 6 and 7 or spotted onto YES agar plates that were then irradiated with IR at 200 Gy or UV at 50 J m −2 . Images were taken after 72 hours of growth with an AlphaImager HP imaging system (Alpha Innotech).
Genomic instability measured by Rad22-YFP foci
The experiment was carried out as previously described, with some modifications 59 . Briefly, Rad22-YFP-expressing strains were grown in YES to mid-log phase. Live cells were photographed using a Leitz Diaplan microscope combined with a Zeiss AxioCam MRm Rev.3 camera and an 89 North PhotoFluor II light source (Chroma Technology Corp.). For each sample, foci were scored in at least 500 cells for n=3 cell culture replicates. Statistical analyses (student t-test, two-tailed) were performed by GraphPad Prism version 6.0a (GraphPad Software, Inc.).
Schizosaccharomyces pombe whole chromosome repair assay
Irradiation (200 Gy) of S. pombe cells and post-irradiation incubation was as described previously 13 , except that the irradiated cells were resuspended in YES media instead of YPDA. Plugs for PFGE were prepared as previously reported 60 , except that standard LE agarose (Lonza) was used rather than low melting point agarose. Samples for PFGE were run using a CHEF Mapper XA system (Bio-Rad) and 0.6% SeaKem Gold agarose (Lonza) in 0.5× TAE (20 mM Tris, 10 mM acetic acid, 0.5 mM EDTA), which was also used for the running buffer. Pulses were ramped linearly from 20 to 30 sec for 81 hours at 1.5 V/cm at 14 °C. Overall model for Ctp1 molecular architecture from X-ray structures, SAXS and biophysical analysis. Table 2 Data collection and refinement statistics (molecular replacement) 
